Abstract. The present study aimed to investigate the role of periostin (POSTN) and high melatonin concentrations in the apoptosis of hFOB 1.19 human normal fetal osteoblastic cells. hFOB 1.19 human osteoblastic cells were stably cultured and treated in different concentrations of melatonin for different durations of action. Apoptosis was assessed quantitatively using flow cytometric analysis. The results of western blot analysis demonstrated that the treatment of cells with different concentrations of melatonin for different durations of action revealed a positive association between melatonin and the expression levels of glucose-regulated protein (GRP)78, GRP94, phosphorylated (p-) eukaryotic initiation factor 2α (eIF2α), activating transcription factor (ATF)4, ccAAT/enhanced binding protein homologous protein (cHOP), cleaved caspase-3, p-c-Jun N-terminal kinase (JNK) and POSTN. When POSTN was inhibited, the levels of p-JNK, cHOP, p-eIF2α, ATF4 and cleaved caspase-3 were significantly increased, whereas other proteins associated with the endoplasmic reticulum stress (ERS) pathways, including ATF6 and X-box binding protein 1 (XBP1), were not significantly altered. Reverse transcription-quantitative polymerase chain reaction analysis was also performed to assess the relative mRNA levels of ATF4, ATF6 and XBP1. The results of the present study are the first, to the best of our knowledge, to demonstrate that melatonin induced apoptosis in hFOB 1.19 human osteoblastic cells by activating the ERS-associated eIF2α-ATF4 pathway and subsequently triggered the cascade effects of cHOP, caspase-3 and JNK. POSTN may function as a protective factor for osteoblasts during this process by inhibiting the eIF2α-ATF4 pathway.
Introduction
The pineal gland is the most important producer of melatonin. In 1959, Thillard (1) demonstrated that pinealectomy in a chicken enabled construction of a model of spinal deformity, and the association between melatonin and spinal deformities has received considerable attention since. It is well known that spinal deformity is often caused by the abnormal proliferation of osteoblasts initially. It has been confirmed that osteoblast proliferation is dependent on the concentration of melatonin and the mechanism has been verified (2, 3) . However, the ability of melatonin to cause osteoblast apoptosis (plus the underlying molecular mechanisms), and any potential protective factors is may possess remains unclear.
Previous studies have demonstrated that there is a potential connection between melatonin, endoplasmic reticulum stress (ERS) and apoptosis. Furthermore, previous results have indicated that melatonin is able to promote apoptosis (4, 5) ; however, other studies have suggested that melatonin is able to inhibit ERS and/or apoptosis (6, 7) . The traditional form of apoptosis is known as the caspase-dependent pathway, consisting of the death receptor pathway and the mitochondria-mediated pathway (8) (9) (10) . cell apoptosis may be induced through the activation of caspase-3, which triggers the caspase cascade (11) . ERS is able to induce apoptosis through the unfolded protein response (UPR), the ER overload response and the sterol cascade (12) (13) (14) . The UPR signal transduction pathway is the most frequently used, and is mediated by three transmembrane proteins involved in three signal transduction pathways; protein kinase R-like endoplasmic reticulum kinase (PERK) pathway, the inositol-requiring enzyme 1 (IRE1) pathway and the activating transcription factor (ATF) 6α pathway (13, (15) (16) (17) . ccAAT/enhanced binding protein homologous protein (cHOP) is an important downstream target of ATF4, which is necessary in the ERS-induced apoptotic response (18, 19) . c-Jun N-terminal kinase (JNK) activates the death receptor pathway (20) (the JNK mediators belong to the death receptor pathway). collectively, these three pathways induce apoptosis by activating or inhibiting different factors, including TNF receptor-associated factor 2, apoptosis signal-regulating kinase 1 and B-cell lymphoma 2 (Bcl-2) (21, 22) .
Periostin (POSTN) is a secreted extracellular matrix protein, which was originally identified in cells of the mesenchymal lineage, including osteoblasts, osteoblast-derived cells, the periodontal ligament and periosteum. POSTN has been associated with the epithelial-mesenchymal transition (EMT) in cancer and also the differentiation of the mesenchyme in the developing heart (23) . This protein belongs to the fasciclin I family and is expressed in connective tissues, including the bone, skin, periodontal ligament and tendon. In several types of cancer, POSTN can activate the protein kinase B (Akt) and focal adhesion kinase-mediated signaling pathways, leading to cell invasion, angiogenesis, metastasis and the EMT (24) . A previous study also demonstrated that POSTN is expressed by osteoblasts and osteoclasts (25) .
Whether melatonin can induce or inhibit apoptosis in the hFOB 1.19 human osteoblastic cell line through specific pathways, and the role of POSTN in osteoblast apoptosis remains unclear. Therefore the present study investigated the role of periostin (POSTN) and high melatonin concentrations in the apoptosis of hFOB 1.19 human normal fetal osteoblastic cells in order to provide further clarification.
Materials and methods
Cell culture and reagents. The hFOB 1.19 normal human fetal osteoblastic cell line was provided by the department of Biochemistry and Molecular Biology, Mayo clinic (Rochester, MN, USA) (26) and was maintained in a 1:1 mixture of dulbecco's minimum essential (dME) and F12 medium without phenol red (Hyclone, Laboratories; GE Healthcare Life Sciences, Logan, UT, USA), supplemented with 10% fetal bovine serum (FBS) and grown in 5% cO 2 at 37˚C. The medium was replaced every other day. cells that were passaged 8-11 times were used for all experiments. Treatments with melatonin (2, 4 or 6 mM) dissolved in 0.2% dimethyl sulfoxide (dMSO) or vehicle treatment with 0.2% dMSO (in culture medium) were performed at 37˚C with 10% FBS.
Melatonin was obtained from Sigma-Aldrich; Merck KGaA (darmstadt, Germany). Lipofectamine ® 2000 was purchased from Invitrogen; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Primary monoclonal/polyclonal antibodies against the indicated proteins were purchased from Abcam (cambridge, MA, USA). Goat anti-rabbit secondary antibodies were obtained from Zhongshan Jinqiao Biotechnology co., Ltd. (Beijing, china).
POSTN small interfering (si)RNA transfection. cells were cultured in dME and F12 medium supplemented with 10% FBS (Clarks Bioscience, Seabrook, MD, USA) in a humidified incubator at 37˚C and 5% CO 2 . At 70-80% confluence, cells were transfected with POSTN small interfering (si)RNA (sense, 5'-GGA UcU AGA AGA cGA UUA AGG-3'; antisense, 5'-UUA AUc GUc UUc UAG AUc cUU-3'; Shanghai Genechem co., Ltd., Shanghai, china) using Lipofectamine ® 2000 according to the manufacturer's protocol (Invitrogen; Thermo Fisher Scientific, Inc.). Overall, there were 3 control groups: Blank control, transfection reagent control and scramble siRNA control.
Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining and flow cytometric analysis. An Annexin V FITc/PI staining kit was used to assess apoptotic cell death according to manufacturer's protocol (dojindo Molecular Technologies, Inc., Kumamoto, Japan). Briefly, the cells were trypsinised, washed in PBS, resuspended in binding buffer, stained with FITc-conjugated Annexin V and PI, analysed using the Bd LSRFortessa™ cell analyzer (Bd Biosciences, Franklin Lakes, NJ, USA) and evaluated using Bd FAcSdiva (version 6.2; BD Biosciences). Apoptotic cells were defined as Annexin V-positive.
Western blot analysis. Following treatment, osteoblasts were extracted with RIPA lysis buffer for 30 min at 4˚C. The supernatants containing total protein were harvested and proteins were quantified using the bicinchoninic acid method. Samples with an average volume of 50 µg were resolved using SdS-PAGE (12% gel) and transferred onto polyvinylidene fluoride membranes at 60 V for 2 h at 4˚C. Membranes were then immediately soaked in blocking buffer [5% blocking buffer (0.5 liter) containing 25 mg bovine serum albumin in TBS buffer to final volume of 0.5 l, maintained at 4˚C] for 2 h at room temperature. Subsequently, proteins were incubated with primary antibodies against GRP78 (cat. no. ab21685), GRP94 (cat. no. ab53075), ATF4 (cat. no. ab23760), ATF6α (cat. no. ab37149), XBP1 (cat. no. ab37152), phosphorylated (p-)eIF2α (cat. no. ab4837), POSTN (cat. no. ab79946), caspase-3 (ab90437) and p-JNK (cat. no. ab124956). All primary antibodies were diluted at 1:5,000 and incubated overnight at 4˚C, followed by incubation with goat anti-rabbit peroxidase-conjugated secondary antibody (1:10,000; cat. no. ab6721) for 2 h at room temperature. The dNR imaging system (dNR Bio-Imaging Systems, Ltd., Jerusalem, Israel) was used to visualize specific bands, and the optical density of each band was measured using ImageJ software (version 1.51; NIH, Bethesda, Md, USA). The expression ratio of the indicated target proteins to β-actin (cat. no. ab8226) was calculated and presented graphically. All antibodies were purchased from Abcam.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assays. Total RNA was extracted from the osteoblasts using the E.Z.N.A.
® Total RNA Midi kit (Omega Bio-Tek, Inc., Norcross, GA, USA) according to manufacturer's protocol, and quantified spectrophotometrically at 260 nm with acceptable 260/280 ratios being defined as between 1.8 and 2.0. The RNA quality was also assessed using 1% agarose gel electrophoresis and staining with 1 µg/ml ethidium bromide. The RT-qPcR analysis was performed on a Lightcycler ® 480 High-Resolution Melting Master (Roche diagnostics, Indianapolis, IN, USA) using SYBR Premix Ex Taq™ II (Takara Biotechnology co., Ltd., dalian, china). The dNA polymerase, Takara Ex Taq™ HS, was also obtained from Takara Biotechnology co., Ltd. Amplifications were performed in a total volume of 20 µl [10. 0 µl of 2x SYBR Premix Ex Taq II (Takara Biotechnology co., Ltd.) 0.8 µl forward primer, 0.8 µl reverse primer, 2.0 µl dNA template, 6.4 µl double distilled H 2 O], and cycled for 40 cycles following initial denaturation (95˚C for 30 sec) with the following parameters: 95˚C for 5 sec and 60˚C for 30 sec. Primer sequences are specified in Table I . β-actin (forward, Tcc Tcc cTG GAG AAG AGc TA and reverse, TcA GGA GGA GcA ATG ATc TTG) were used as internal controls. Analysis of the melting curves supported the reliability of the results. The RT-qPcR data were calculated using the 2 -ΔΔcq method (27) (Applied Biosystems; Thermo Fisher Scientific, Inc.).
Statistical analysis. SPSS (version 20.0; IBM SPSS, Armonk, NY, USA) was used to complete data processing. An independent samples t-test or one-way analysis of variance, followed by the student Newman-Keuls test, was used to evaluate the differences between groups with various treatments. Results were expressed as mean ± standard error of the mean. The N-fold gene expression values in gene expression ≤0.5 and >2 were considered to be significant, in accordance with the values obtained from the control genes. P>0.05 was considered to indicate a statistically significant difference. (Fig. 1E) . Following comprehensive consideration, 4 mM melatonin (dissolved in 0.2% dMSO) for 24 h was selected as the appropriate experimental condition for subsequent experiments as this group exhibited the greatest number of early apoptotic cells (Q4) and the least number of late apoptotic cells (Q2).
Results

Detection of apoptosis.
Occurrence of ERS. The occurrence of ERS was detected by assessing the expression of GRP78 and GRP94. It was previously indicated that the expression levels of these proteins are often increased significantly when ERS occurs (28) . In the present study, the expression of these two proteins was observed and there were significant differences among the groups treated with different concentrations of melatonin for different durations (Fig. 2) . The results showed that treatment with a certain concentration of melatonin for a certain length of time induced the occurrence of ERS in the hFOB 1.19 human osteoblastic cell line.
Signaling transduction pathway expression. Proteins associated with the signaling transduction pathways, including PERK, IRE1 and ATF6α, activated by UPR were also assessed. The protein and mRNA expression levels of p-eIF2α, ATF4, X-box binding protein 1 (XBP1) and ATF6α were measured using western blot and RT-qPcR analyses, and the results showed that the expression levels of p-eIF2α and ATF4 were increased significantly among the groups (Fig. 3A and B) . The increased expression levels of the above proteins indicated that melatonin induced apoptosis of the hFOB 1.19 human normal osteoblastic cells through the PERK-eIF2α-ATF4 pathway, but not through the IRE1 or ATF6α pathways.
The expression of POSTN in the groups treated with different concentrations of melatonin for 24 h was assessed using western blot and RT-qPcR analyses. The results showed that the expression of POSTN was positively correlated with the concentration of melatonin (Fig. 4A and B) , which indicated that, with the increased intensity of apoptosis, the upregulated expression of POSTN may be a mechanism underlying the anti-apoptotic effect in osteoblasts.
To determine the transduction pathways through which ERS mediate melatonin-induced apoptosis, the expression levels of cHOP and caspase-3 were detected using western blot analysis. It was observed that 4 mM melatonin significantly increased the expression levels of ATF4, p-eIF2α, cHOP and caspase-3 following treatment for 24 h (Fig. 5) , compared with those in the control groups. The levels of p-JNK were also markedly increased (Fig. 5) . Therefore, melatonin-induced apoptosis may activate the JNK pathway.
RT-qPcR analysis was performed to assess the mRNA level of POSTN following transfection with the POSTN overexpression plasmid or POSTN siRNA. The results showed that the transfections were efficient (Fig. 6) .
Effect of POSTN on melatonin-induced apoptosis. Finally, either POSTN siRNA or control siRNA were transfected into osteoblasts using Lipofectamine ® 2000 according to the manufacturer's protocol. There were three control groups: Blank control, transfection reagent control and scramble siRNA control. A rescue experiment was also performed via transfection with the POSTN overexpression plasmid (Genechem co., Ltd.). Western blot analysis was then performed to assess the protein levels of cHOP, ATF4, p-eIF2α, pro caspase-3, cleaved caspase-3 and POSTN. The results demonstrated that the levels of cHOP, ATF4, p-eIF2α and cleaved caspase-3 in the group treated with melatonin in combination with POSTN siRNA were increased significantly, compared with those in the control groups. Following transfection with POSTN siRNA, the expression level of POSTN decreased significantly. The POSTN overexpression plasmid was then transfected in order to perform the rescue experiment. The results demonstrated that following transfection with the POSTN overexpression plasmid, the expression level of POSTN was increased to a level similar to what was observed in the 4 mM melatonin-treated group compared with the control group (Fig. 7) . collectively, it was deduced that POSTN inhibited melatonin-induced cell apoptosis by suppressing the PERK pathway.
Discussion
Melatonin may possess numerous functions in ageing, tumor growth, reproduction and skeletal physiology, and has various biological effects in human/animal cells (29-32). Several previous studies have demonstrated that melatonin is vital in promoting bone formation by strengthening osteoblast proliferation, differentiation and matrix formation (33) (34) (35) (36) . Previous studies have confirmed that melatonin has a concentrationdependent dual effect on osteoblast proliferation (35, 36) ; however, whether melatonin can affect cell apoptosis remains unclear. In the present study, it was initially demonstrated that melatonin induced cell apoptosis in the hFOB 1.19 human osteoblastic cell line. When the duration of action was prolonged to 24 h, apoptosis occurred in addition to the ERS. The ER is a site for processing proteins and storing calcium ions (37, 38) . cell dysfunction caused by alterations in the cellular environment may lead to ERS. ERS is a recognized as a stress response of subcellular organelles, which can activate three signal transduction pathways to relieve stress (10) (11) (12) and maintain cell homeostasis. due to results presented in Fig. 2 , it may be assumed that when the induction of ERS is enhanced, and when the duration of induction is prolonged (which overloads the anti-stress capacity of ERS), unfolded proteins continue to form and no longer degrade, and apoptosis may occur. Hamamura and Yokota (39) demonstrated that different intensities of ERS produced bidirectional regulation in mouse osteoblasts. A low level of ERS had protective effects on osteoblasts by increasing the expression of Runt-related transcription factor 2 (Runx2) and other bone morphogenetic factors, which promotes bone formation and remodeling. contrastingly, increased levels of ERS increased the expression of ATF4, which subsequently increased the expression of downstream cHOP transcription factors. Furthermore, the increased expression of cHOP may cause apoptosis (40) . Yu and Hong (41) also identified that Runx2 promotes bone formation, inhibited the transformation of Lc3II and inhibited autophagy.
ERS occurred following treatment with 4 mM melatonin for 24 h. It was demonstrated that melatonin induced ERS in the hFOB 1.19 human osteoblastic cell line. By assessing the expression of GRP78, it was demonstrated that melatonin induced ERS in the human hFOB 1.19 osteoblastic cells. GRP78 binds tightly to the three transmembrane signal proteins, PERK, IRE1α and ATF6α, which are inactive under normal circumstances (42, 43) ; when ERS occurs, GRP78 separates from one or all of the specified proteins, leading to an increase in protein expression causing a series of signaling cascades. Once these three proteins are activated, they may induce apoptosis by activating or inhibiting various factors.
Melatonin is able to clear reactive oxygen species and activate antioxidant systems (44) . However, studies have demonstrated that increased concentrations of melatonin have pro-oxidant effects (43) and that oxidative stress contributes to activation of the UPR, which may lead to ERS (45) . These two opposing effects may be independent of cell types (43) , namely, a pro-apoptotic effect in cancer cells vs. an anti-apoptotic effect in normal cells under normal conditions (46) . The results of the present study do not conform to the above conclusions. Melatonin used at high concentrations (4 mM) induced ERS and induced apoptosis in the hFOB 1.19 human osteoblastic cell line, which complicates the biological effects of melatonin.
According to the different concentrations of melatonin and durations of action, the present study assessed apoptosis, ERS-associated proteins and other indicators. The results revealed that ERS had a protective effect. Results presented in Fig. 1 indicated that, following treatment with 4 mM melatonin for 24 h, the intensity of melatonin-induced apoptosis reached its peak (Figs. 1 and 2) . consistent with the duration of action of melatonin, ERS no longer protected osteoblasts but instead induced apoptosis, and the results of the 24 and 48 h groups also exhibited an apoptotic response (Fig. 1) . Following comprehensive consideration, 4 mM melatonin for 24 h was selected as the appropriate experimental conditions for subsequent experiments.
The present study assessed the expression levels of pro caspase-3 and cleaved caspase-3 as markers of apoptosis. The expression levels of ATF4, cHOP and cleaved caspase-3 increased (Figs. 3 and 5B) indicated that the melatonin concentration and duration of action may have surpassed the threshold under which the UPR was able to maintain cell homeostasis, and may have led to subsequent cell apoptosis. The three transmembrane proteins mentioned above separate from binding immunoglobulin protein and are involved in three signal transduction pathways (16, 17) , namely, the PERK-eIF2α-ATF4 pathway, the IRE1α-XBP1 pathway and the ATF6α pathway. eIF2α is immediately phosphorylated by PERK in response to ERS, which prevents global protein synthesis, but selectively induces the translation of ATF4 (47) . cHOP is an important downstream target of ATF4, and the presence of cHOP is an essential factor for the apoptotic response to ERS (48) . The present study demonstrated that, when apoptosis occurs, the levels of p-eIF2α and ATF4 increased sequentially, whereas no significant changes were observed in the expression levels of XBP1 and ATF6α (Fig. 3A) . These results indicated that melatonin-induced ERS led to the phosphorylation of eIF2α and activated the translation of ATF4, finally causing the activation of cHOP. Previous studies have demonstrated that melatonin can increase the levels of cHOP and decrease the Bcl-2/Bcl-2-associated X protein (Bax) ratio in human hepatoma cells (5) . Furthermore, the activation of cHOP leads to changes in gene expression, which favors apoptosis by decreasing the expression of Bcl-2 and increasing the expression of Bax (21, 49) . Following ERS, three pathways are involved in inducing apoptosis, namely, the mitochondria-mediated pathway (10), death receptor pathway and the ER pathway (caspase pathway). In the present study, the expression of p-eIF2α, ATF4 and cleaved-caspase-3 increased (Fig. 5) , which demonstrated that the melatonin-induced apoptosis was associated with the ER pathway and the eIFα-ATF4 pathway. The JNKs are one of the three well-defined subgroups of mitogen-activated protein kinases (MAPKs); the other two subgroups comprise the ERKs and p38 MAPKs. All three of the above-mentioned subgroups can be activated by a cascade of phosphorylation events, and are involved in gene expression, differentiation, cell survival and cell death (50) . In the present study, the level of p-JNK was significantly increased (Fig. 5) , which indicated that the JNK subgroup of MAPKs was significantly upregulated in the melatonin-treated groups, compared with that in the control group. This suggested that the JNK pathways may be associated with apoptosis of the hFOB 1.19 human osteoblastic cell line and that melatonin takes effect through this pathway. cHOP is involved in another major pathway through which apoptotic responses to ERS occur, namely, the ER pathway (51) . Previous studies have indicated that cHOP may be involved in the death receptor pathway, particularly the death receptor 5 pathway (8,9). POSTN is an extracellular matrix protein, which is secreted by osteoblasts (50) . This protein is expressed in bone tissues, although its function remains unclear. In several types of cancer, POSTN can activate the Akt and focal adhesion kinase-mediated signaling pathways, subsequently leading to cell invasion, angiogenesis, metastasis and epithelial-mesenchymal transition (52) . POSTN is involved in several cancer biological processes, including proliferation (53, 54) , migration (55), invasion/metastasis (56,57) and angiogenesis (57, 58) . Studies have demonstrated that the upregulation of POSTN is able to prevent cell apoptosis in different cell types (59) (60) (61) . In the present study, it was indicated that the inhibition of POSTN increased the intensity of melatonin-induced cell apoptosis in the hFOB 1.19 human osteoblastic cell line. The present study assessed the apoptosis and ERS-associated proteins cHOP, ATF4, p-eIF2α, p-JNK, procaspase-3 and cleaved caspase-3 in the control group, compared wit the POSTN-inhibited group, and the two groups were treated with identical concentrations of melatonin for identical durations. The results demonstrated that in the POSTN-inhibited group, expression of the above-mentioned proteins increased following treatment with 4 mM melatonin for 24 h, which suggested that when the protein level of POSTN decreased, the intensity of melatonin-induced apoptosis increased. These two parameters were negatively associated. These results indicated that POSTN may have a protective effect in melatonin-induced apoptosis of the hFOB 1.19 human osteoblastic cell line.
In the present study, the POSTN siRNA was transfected into the hFOB 1.19 human osteoblastic cell line and the efficiency of transfection was assessed using RT-qPcR analysis (Fig. 6) . According to the results of the western blot analysis, the effect of 4 mM melatonin alone or in combination with POSTN siRNA demonstrated significant differences. The expression levels of the ERS and apoptosis-related proteins peaked in the melatonin + POSTN siRNA group, and the expression levels were lowest in the group treated with POSTN siRNA alone. These results indicated that POSTN may mediate this process by suppressing the expression levels of p-eIF2α and ATF4 (Fig. 7) . The expression of POSTN has been demonstrated to be inducible by stress or pressure overloading (62) . In the present study, melatonin was used to investigate the effects of ERS and apoptosis on the expression of POSTN in human osteoblast cells. Following the induction of ERS and apoptosis, the expression of POSTN was detected and the results demonstrated that, with the increasing concentrations and durations of melatonin treatment, the expression of POSTN exhibited concentration-and time-dependent increases (Fig. 4A) .
In conclusion, melatonin induced cell apoptosis by activating the PERK-p-eIF2α-ATF signal transduction pathway, and ERS mediated this process by triggering the cascade reactions of cHOP, caspase-3 and p-JNK. The upregulated expression of POSTN had a protective effect against apoptosis of the hFOB 1.19 human osteoblastic cell line. The expression level of POSTN in this process was positively associated with the concentration of melatonin, which suggested that the existence of POSTN may be a protective mechanism in this biological process. POSTN inhibited apoptosis by affecting the expression levels of the pathway-related proteins and protecting the hFOB 1.19 human osteoblastic cell line. Previous studies have confirmed that POSTN had a stimulatory effect in the proliferation of hFOB 1.19 human osteoblastic cells, which was in accordance with the conclusion of the present study. In addition, the preferential localisation of these cells to the periosteum, which is highly sensitive to mechanical stimulation, suggested that POSTN and transforming growth factor β-induced protein may be important to the maintenance of bone strength. Therefore, the development of specific and sensitive assays for serum measurements of these proteins is critical for investigating their potential as biomarkers of adaptive bone remodeling.
